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ABSTRACT
The goals of this study were to characterize the geographic distribution,
concentration and inorganic speciation of arsenic (A~) in the groundwater, and identify
the geochemical factors correlated with As concentration and mobility in groundwater.
The recent reduction of the United States federal drinking water standard for As from 50
Ilg/L (ppb) to 10 Ilg/L highlights the need to characterize the behavior of As in
groundwater environments previously considered to be a low risk to human health.
Initial data analysis of more than 18,000 existing groundwater samples queried from the
Pennsylvania Department of Environmental Protection (PA DEP) Drinking Water and
Sampling Information System database (1994-2004) suggested elevated average As
concentrations throughout the Gettysburg-Newark Lowland Section of the Piedmont
Province. Chemical analyses were completed on 53 samples collected in 2005 from the
Newark Basin for total As concentration, As speciation. major anions and cations, and
field parameters. Arsenic was detected in all groundwater samples. Twenty-three
percent of all samples contained elevated concentrations of As (> 10 Ilg/L (ppb)).
Ele\'ated concentrations of As in the groundwater were most common in the Mesozoic
sedimentary strata associated with the Newark Basin. The strata are composed of
sandstone and red mudstone with interbedded grey shale. and grey to black siltstone and
shale. Arsenic was typically not elevated in groundwater of diabase intrusions of the
Newark Basin or in crystalline and calcareous aquifers to the north of the Ne\\'ark Basin,
pH and redox conditions are known to control the mobility of:/s and are the most
important 1:1ctor5 in this region. Conditions wcre predominantly oxidizing.
Approximately 85% of samples contained arsenate as the dominant (i.e. > 70% arsenate)
As species. Variations in pH demonstrated the strongest correlations with As
concentration and likely affected As mobility by influencing the surface affinity of the
rock substrate for binding with As. In red mudstone aquifers, As is likely mobilized by
oxidative desorption from Fe-oxyhydroxide minerals. Oxidative dissolution of pyretic
minerals may occur where oxidizing and weakly reducing conditions are present in black
and grey shale lithologies. Competitive inhibition from P04 is unlikely.
INTRODUCTION
Arsenic is a ubiquitous trace element found throughout the environment. Arsenic
concentrations in groundwater vary greatly due to the variable distribution of source
materials and geochemical controls on As mobility in aquifers (Cullen and Reimer, 1989).
In approaching this problem, the mineral sources of As, physical processes affecting As
concentration and aqueous geochemistry of the groundwater can be studied. In this
investigation, we identify the probable factors affectinpAs mobility in the groundwater
by considering the aqueous geochemistry of a region. Addressing the mobility of natural
sources of As contamination in groundwater will help to understand the triggers of
elevated concentrations of As in natural waters.
The causes of elevated As concentrations in groundwater, including the complex
interactions between water. geologic substrate and biological processes, are not yet
completely understood. Recent work in West Bengal (Nickson et al., 2000). Bangladesh
(Ahmed et al., 2004). Vietnam (Berg et al.. 2001). and Spain (Garcia-Sanchez et al.,
2005) underscore how little was known about As concentrations in groundwater around
the world until recently. Areas with elevated As concentrations have also been described
in Argentina. i\1cxico. Chile. China. Ghana. Hungary. Taiwan. Thailand. and the United
States (Smedlev and Kinniburgh. 2002).
. ~
The hamlful health effects related to the consumption of elevated As in drinking
watcr have been well documented in high-As (> 50 pg/L) groundwater provinces
(Chowdhury et al.. 2000: i\ loralcs et al.. 2000: Smith ct al.. 2000). Arcas in the Unitcd
States \\'ith As concentrations prcviollsly thought to bc low risk are rcceiving ncw
attention as the United States federal drinking water standard for As has recently been
reduced from 50 I-tg/L (Ppb) to 10 I-tg/L (EPA, 2001).
A comprehensive analysis of the extent, levels, and causes of naturally occurring As
contamination has not been conducted in Pennsylvania. The objectives of this research
were to conduct a field study in a geographically-focused region of Pennsylvania
concentrating on As concentration, As speciation, and potential mobilization mechanisms
leading to elevated concentrations of As in the groundwater. In this paper, work is
presented that examines these phenomena in an area in which a retrospective GIS
analysis of existing groundwater quality data from state and federal databases (PA DEP,
2004; USGS, 200 I) suggest As concentrations that are elevated compared to recently
enacted federal drinking water standards (EPA, 2001). The relationship between the
existing PA DEP database and this study's data is examined. The mechanisms
responsible for As behavior may be applicable in similar environments.
BACKGROUND
Arsellic Geochemistry
Natural dissolution and desorption of As-containing minerals. geothennal water. and
mining activity are key contributors to high-As groundwater provinces within the United
States. Elevated As in groundwater has been identified in states in the Southwest (Welch
and Lico. 1998: Savage et a\.. 2000). upper i\lidwest (Schreiber et al.. 2000). and New
England (Peters and Blum. 2003: Lipfcrt et a!.. 2006).
Arsenic is present in the environment in both inorganic and methylated forms (Cullen
and Reimer, 1989). Inorganic forms have been found in As-containing minerals (O'Day
et aI., 2004; Thornburg and Sahai, 2004), sorbed on amorphous ferric oxyhydroxides
(Wilkie and Hering, 1996; Raven et aI., 1998), sorbed on crystalline Fe oxide phases
(Manning et aI., 1998), and as surface precipitates on sulfides or pyrite (Bostick and
Fendorf, 2003). Nanoparticulate phases have been identified (Utsunomiya et aI., 2003).
Major primary sources of As in groundwater are Fe oxide and sulfide minerals. They
can act as sinks or sources of As depending on the environmental conditions. Strongly
reducing or oxidizing conditions provide different mechanisms for the release of As into
surrounding waters. Widespread mechanisms of elevated As concentrations include
oxidation of sulfide orcs. particularly pyrite and arsenopyrite oxidation. and desorption or
dissolution of As from oxide minerals. especially Fe oxides (Welch et al.. 2000). In the
case of Fe oxide minerals. redox conditions. pH. solid-to-solution ratios. specific surface
area of minerals. and competing ions such as POol may affect As mobility and thus As
concentrations in surrounding waters (Dixit and Hering. 2003). Desorption from Fe
oxides occurs predominantly in oxidizing conditions. Dissolution of Fe oxides and
subsequent desorption of As occur predominantly in reducing conditions.
Typical geochemical indicators for oxidizing release mechanisms include the
prescncc of aqucous Fc. clcyatcd Eh (> 100 mV). dissolvcd O2 (3-7 mg/L and grcatcr).
pH (> 8). and alkalinity (JOO-SOO mg/L and grcater). and possibly high F (up to 7.4
mgiL). U (> 100 mgJL). B (Up to 73.000 pg/L). Se (up to 1000 ~lg/L). l\10 (up to 15.000
pg'L). and salinity (0.13-1.8 pgiL) (Smcdley and Kinniburgh. :::002). Typical
geochemical indicators for reducing release mechanisms include no dissolved O2, low Eh
« 50 mY) and S04 « 5 mg/L), elevated Fe (> 0.2 mg/L), Mn (> 0.5 mg/L), N~, and
alkalinity (300-500 mg/L and greater), and possibly high dissolved organic carbon (> 10
mg/L) (Smedley and Kinniburgh, 2002).
Regional ami Local Setting
The field study area is located in upper Bucks County and lower Lehigh County in
southeastern Pennsylvania (Figure 1; Figure 2). The field area located in upper Bucks
County is part of the Newark basin of the Gettysburg-Newark Lowland Section of the
Piedmont physiographic province. The province is characterized by Upper Triassic and
Lower Jurassic rocks of the Mesozoic Era. The Newark Basin is a half graben resulting
from extension during Mesozoic continental rifting. The rocks primarily consist of red
sandstone. shale, siltstone. and conglomerate with igneous diabase intrusions (Berg et a1..
1986). Local lithostratigraphic units include the Lockatong Fonnation. Passaic
Forn1ation. and a sequence of diabase intrusions. The playa-lacustrine Passaic deposits
laterally transition into the lacustrine-dominated Lockatong deposits. Although not
mapped in the study area. Ou\'ial deposits of the Stockton Forn1ation interfinger with and
arc o\'erlaid by Lockatong deposits to the south of the study area.
The Passaic Fonnation is mainly composed of quartzose sandstone grading into red
mudstone. \\'ith some interbedded grey shale and argillite whereas Lockatong deposits arc
mainly composed of dark siltstone and shale and argillite tLow et a1.. 2000). Intrusi\'c
diabase sheets arc quartz nonnati\'e continental tholeiites of the York Hayen type (Smith
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et aI., 1975). The diabase is primarily composed of plagioclase and augite (Lyttle and
Epstein, 1987). Grey mudstone, argillite, red siltstone, and red mudstone have been
metamorphosed to various forms of hornfels where contact was made with diabase
intrusions (Froelich and Gottfried, 1999). Cambrian limestone conglomerate, quartzite
conglomerate and Precambrian gneiss exist to the north of the rift basin within the lower
Lehigh County portion of the study area.
The sedimentary rocks of the Gettysburg-Newark Lowland Section are described as
thin aquifers separated by thicker aquitards. Bedrock aquifers tend to be complex,
anisotropic, and heterogeneous (Low et al., 2000). Groundwater flow in the limestone
aquifers occurs through solution-enlarged fractures, joints. and bedding planes. Water-
bearing zones in the crystalline rocks tend to be located in the weathered zones near the
ground surface and through fractures and joints at depth (Sloto and Schremer. 1994).
Previous studies of the water geochemistry indicate that waters are neutral to slightly
basic in the Lockatong Formation whereas water is neutral to slightly acidic in the
Passaic Forn1ation and diabase. and elevated concentrations of iron, manganese. and
sulfate occur but are not common throughout the aquifers (Low et aL 2000).
A focused study in Southeastern Pennsylvania has specific applicability locally.
regionally. and potentially within similar Mesozoic rift basins along the Atlantic coast of
North America. This research also increases the understanding of the geochemistry of As
in a way that is broadly applicable to understanding fundamental processes in other
similarly affected regions.
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MATERIALS AND METHODS
Retrospective GIS analysis
A GIS was prepared to analyze the relationship between As occurrence, geography,
and bedrock geology in Pennsylvania to determine an appropriate field study location.
The main criteria used to determine an appropriate location was evidence of both low «
10 Ilg/L (ppb)) and elevated (> 10 Ilg/L (ppb)) As concentrations in the groundwater
within a single region. The preliminary GIS considered the entire state of Pennsylvania.
Arsenic results from drinking water samples were obtained from the Pennsylvania
Department of Environmental Protection (PADEP) Drinking Water and Sampling
Inforn1ation System (PA DEP, 2004) and the USGS National Water Information System
(USGS, 200 I). Some data entry errors exist in the PA DEP database which required
correction before analyzing the geochemical data. The results from the PA DEP dataset
were summarized in the GIS analysis according to geology and are presented in Figure 1.
To prepare the summary, all the PA DEP drinking water sample results for As located
within a geologic formation were averaged. The average As concentration was assigned
to the forn1ation wherever the forn1ation occurs. The newly calculated averages
suggested the occurrence of elevated concentrations of As in sandstone aqui fers in the
northeast comer and cast-central parts of Pennsylvania. and in mudstone and shale
aquifers in the southeast comer. Southern Lehigh County and northern Bucks County in
southeastern Pennsylvania were chosen as the study area because they met the criteria for
the presence of elevated concentrations of As and wcre also convcniently locatcd closc to
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the Lehigh University geochemical laboratory where time-sensitive chemical analyses
were conducted.
Field Methods and Materials
Fifty-three groundwater samples were collected (July - October, 2005) in northern
Bucks County and southern Lehigh County, PA from forty-nine private homes, two
schools, and one municipal government building using wells as their source of drinking
water, and one hillside spring used by local residents who fill their own containers.
Samples were collected from aquifers in the following lithostratigraphic units: Passaic
Formation, Lockatong Fonnation, diabase, Leithsville Formation, felsic to mafic gneiss,
and hornblende gneiss. Well and spring locations were collected with a Garmin
GPSMAP 76S handheld GPS unit. Temperature. pH (Corning 3-in-1 Combination IP67)
and Eh (Hanna HI 98201) were collected in the field using a continuous flow cell. The
probes were calibrated daily with commercial 4.0. 7.0 and 10.0 pH standards for the pH
probe and commercial +468 and +220 mV standards for the Eh probe. Groundwater
samples were collected from wells using outside taps after thoroughly flushing the tap for
at least 15 minutes or until temperature measurements indicated that all onsite storage
was purged and water originated from the well bore or aquifer (- 11-14 0 C). Samples
were collected separately for total As. As speciation. major anion. and cation analysis.
All sampling containers were rinsed three times with the sample water before collecting
the final sample. All samples were syringe-filtered to < 0.45 pm in the field. Samples
fllr total As. major anion and cation analysis were collected in LOPE bottles. Samples for
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major cation analysis were fixed to pH 2 with ultrapure HN03 distilled in the laboratory
from commercial grade 16 M HN03. Samples for As speciation analysis were collected
in clear 60 mL glass vials (with Teflon-lined caps) with no headspace. All samples were
kept on ice in the field. Arsenic speciation and major anion samples were refrigerated
until chemical analysis.
Analytical Methods
Within 24 hours, groundwater samples were analyzed for As speciation using
continuous-flow inline-coupling of Ion Chromatography (IC, Dionex IONPAC AG4A
Guard and AS4A Analytical Columns), Hydride Generation (HG. in-house design) with
ultraviolet oxidation and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS.
Them10 X-Series CCT) following the method of Klaue and Blum (1999). A 1.8 mM
Na2C03 and 1.9 mM NaHC03 eluent was prepared for the Ie. 1% NaBH.. in 0.1 M
NaOH and 1 M HN03eluents were prepared for the hydride generation. Solutions were
prepared with deionized water (Milli-Q 18 MQ-em). The concentrations were chosen to
create a 10: 1 ratio between acid and NaBH.. to promote optimal generation of hydrides
and arsine gas for delivery to the ICP-tvlS. Hydride generation is used to abate an ArCI
interference in the ICP-MS while also increasing sensitivity. Percent composition of
arsenate and arsenite species. and estimated total As were detennined. Samples were
separately analyzed for total As using HG with UV oxidation coupled to ICP-r--.1S. The
analytical detection limit was approximately 0.01 ~lg.!L total As concentration. which is
below all sample concentrations. r--.1ajor cations and a number of trace clements were
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detennined using rCP-MS. Major anions were determined using rc with suppressed
conductivity detection. Concentrations are reported as Ilmol/L except where relevant for
regulatory comparison, where concentration is given as Ilg/L (Ppb). Arsenic sample
locations and analytical results are shown in Figure 2. All analytical results are reported
in Table 1. Homeowner names and specific well location infonnation are not included in
Table 1 at the request of the homeowners; however, locations of homeowner wells are
available upon request. Data collected during the field study was compared to the federal
and state databases initially used to identify the study area.
RESULTS AND DISCUSSION
Total Arsellic COllcelltratioll ill Groulldwater
Arsenic was detected in all 53 samples. Approximately 23% (12 samples) of all
groundwater samples contained elevated concentrations of total As. Furthermore, 33% of
groundwater samples from the two sedimentary forn1ations of the Newark Basin (11 of
33 samples) contained elevated concentrations of total As. The average and maximum As
concentration within the Lockatong Fonnation is greater than surrounding forn1ations.
followed by the Passaic Formation (Table 2). There is no evidence of elevated As in
aquifers in Precambrian and Cambrian rocks in the northern part of the study area.
Arsenic \\'as also not elevated in the diabase aquifers except for one sample in the diabase
located in the northeastern part of the study area ncar a contact with the Passaic
Fonnation (sample no. 142).
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Table 3 presents summary statistics for total As concentrations in drinking water from
the Pennsylvania Drinking Water Information System database (PA DEP, 2004) for the
same geologic formations analyzed in this study. The summary statistics from the
drinking water dataset are similar to this study's summary findings in Table 2. The
highest concentrations of As are found within the Passaic and Lockatong formations in
both datasets. The percentage of samples with As concentrations> 10 }.tglL are similar
between this study and the PA DEP data when comparing the entire datasets, and data
from the Passaic Formation, diabase, and various Cambrian and Precambrian lithologies.
Data for the Lockatong Formation differs between the datasets mostly due to a large
number of nondetect results in the PA DEP dataset. The retrospective GIS analysis that
was originally prepared with the PA DEP data was successful at identifying a geographic
area in Pennsylvania with an increased likelihood of elevated concentrations of As in the
groundwater.
In this study, the presence of total As in solution is correlated with circumneutral to
high pH. Data presented in Figure 3 are consistent with literature regarding the
relationship between As and pH (Smedley et aJ.. 2005). All samples less than
approximately pH 5.75 contained less than 1 ppb total As. The data suggest a transitional
zone around pH 6 in which other geochemical factors in addition to pH begin to affect As
mobility. These data suggest that As mobility is enhanced at circumneutral to high pH
and suppressed at low pH. There were no samples greater than pH 7.5.
The role of Eh is unclear (Figure -+). Both elcyatcd and 10\\" As concentrations are
found throughout the range of Eh yalucs: howeycr. the Eh range may be indicatiye of the
1~
general method ofAs mobilization. The presence of predominantly weakly to strongly
oxidizing conditions and strong pH control suggest the most widespread mobilization
mechanism is likely oxidative desorption. In some areas where a few results indicate
weakly oxidizing to strongly reducing conditions, reductive desorption or primary
dissolution cannot be ruled out as minor, localized mechanisms.
Total As is inversely correlated with both NO) and Cl. Assuming that NO) and Cl are
mainly from anthropogenic sources (i.e. agricultural fertilizer and road salt), higher
concentrations of these constituents may represent younger waters. The inverse
relationship suggests that waters with elevated As concentrations are older and younger
waters may be diluting As.
There does not appear to be a correlation between total As concentration and F,
SOol, Mg, Ca. Na. or K (R2 range of 0.00 1 to 0.1431; see Appendix for plots of total As
\'s. ion concentrations). Nitrite (N02) was not detected in enough samples to detennine a
relationship. Phosphate (POol) was not detected in any samples (detection limit of 1 ppm
= 10.41 ~mol!L) and therefore we suggest little or no competition from POol in this study.
Manganese (Mn) was only detected in eight samples: however. four of the eight
samples also contained the four highest elevated concentrations of As.
Arsenic Speciation
The major As species analyzed were arsenate (As V) and arsenite (As 111). Arsenate
is oxidized relative to arsenite. Arsenate was the dominant As species. Approximately
S5~o of the samples had greater than 70% arsenate "'hile only approximately S% of the
13
samples had greater than 70% arsenite. The remaining samples had an intermediate mix
of both species present. Of the twelve samples with elevated concentrations of total As,
ten samples are dominated by arsenate (i.e. greater than 70% of total As) while the
remaining 2 samples were dominated by arsenite. This suggests that both oxidizing and
reducing conditions may contribute to elevated concentrations of As in the sedimentary
formations and diabase of the Newark Basin and gives further evidence for the presence
of a dominant mechanism contributing to As mobilization and at least one other minor
mechanism.
Arsenate-dominated samples occur throughout the pH range of the samples (Figure
3). The arsenite-dominated samples occur within a smaller pH range (pH 5.8-7.2).
Arsenite-dominated samples were most likely not found often due to a lack of sampling
locations finished in similar geochemical conditions. This may be caused by a scattering
of localized reducing conditions related to lithostratigraphic changes within and between
geologic formations.
The proportion of arsenate is generally related to Eh (R2 = 0.3825). Arsenite-
dominated samples do not occur at high Eh and arsenate-dominated samples do not occur
at low Eh.
An Eh-pH diagram \\'as constructed of the Fe-As-S04-H20 system using the software
Geochemist's Workbench to model stability fields of the system (Figure 5). This study's
data were plotted in the context of the model according to measured Eh and pH. The
dominant As species as modeled can be compared to the As species as measured in a
sample. All samples fall within four stability fields. Samples with proportionately more
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arsenate (>80% arsenate) plot within the arsenate stability fields suggesting that the
arsenic species in these samples are at or close to equilibrium (Figure 6). Samples with
intermediate proportions of each species (20% - 80%) plot within both arsenate and
arsenite stability fields, but occur close to the boundary line between these equilibrium
species (Figure 6). A few samples plot in stability fields opposite to their measured As
speciation. The samples with intermediate proportions of each species, and those that
plot in opposing stability fields suggest that the waters may be subject to movement or
mixing with waters of different redox status (Peters and Blum, 2003). The sample
plotting within the orpiment stability field is likely out of equilibrium with its
surrounding redox conditions.
Iron Geochemical Behavior and Arsenic-Binding
Iron behavior in solution may help elucidate As behavior because of the close
association between Fe and As in mineral form, and the ability of Fe-oxides to adsorb As
(Smedley and Kinniburgh, 2002). Iron is typically not elevated in the samples (Table I).
pH and Eh appear to exhibit control on dissolved Fe concentration (Figure 7; Figure 8).
Iron samples with Eh less than 100 mV exhibit the highest Fe concentrations suggesting
greater Fe mobility at Eh less than 100 mV. In generally oxidizing conditions and at 10\\'
pH. Fe minerals are stable in solid fom1 and release little to no aqueous Fe species. At
circumneutral pH (- pH 6 - pH 7.5) Fe is present in solution at varying concentrations.
With respect to pH. iron equilibrium in solution is typically kinetically-constrained
(Langmuir. 1997) rather than thcnnodynamically-constrained. Precipitation of Fe-
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oxyhydroxides in an oxidizing environment has been shown to be kinetically controlled
by pH (Peters and Blum, 2003). The downward trend in Fe concentration with increasing
pH in this pH range may be a result of slow Fe-oxyhydroxide precipitation from aqueous
Fe already present in solution.
Groundwaters of this study area are likely evolving separately under static
geochemical conditions subject to kinetic controls on Fe-oxyhydroxide precipitation.
Alternatively, waters evolving separately or following a flow path may also be subject to
changing pH or redox conditions in place. Changing geochemical conditions may initiate
the dissolution or precipitation of Fe present in solid or aqueous forms, respectively
(Haque and Johannesson, 2006).
The precipitation of Fe-oxyhydroxides may effect As in solution by providing
additional substrate for As adsorption if As is present (Pichler et a\., 1999). In
experimental trials individual site affinity for arsenate does not differ between more
crystalline fonns of Fe-oxyhydroxide minerals such as goethite and magnetite to less
crystalline fornls such as hydrous ferric oxides (HFO): however. more crystalline fonns
demonstrated an overall decrease in specific surface area and therefore site density (Dixit
and Herring. 2003). Therefore. a conversion from less crystalline fornls to more
crystalline forms could result in decreased As adsorption and increased As mobility. In
the case of precipitation of aqueous Fe anions to amorphous fonns of Fe-oxyhydroxides.
the newly fomled Fe minerals may adsorb more As from solution relative to the
surrounding crystalline Fe minerals.
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A tradeoff exists between an increase in precipitated substrate and the properties of
that substrate allowing the adsorption of As. At low pH Fe-oxyhydroxides are stable in a
solid state and have a positively-charged surface that readily attracts As anions. As the
pH increases through the circumneutral range, the surface charge of the mineral substrate
becomes less positive thereby decreasing the total affinity of the Fe-oxyhydroxide surface
for As anions. Although any aqueous Fe in solution will precipitate at a faster rate as the
pH continues to increase, the surface affinity also continues to further decrease. The
presence of As in solution at circumneutral and high pH may be related to Fe equilibrium
in solution and/or the adsorption properties of Fe minerals for As at different pH values.
This study's results were plotted in the context of thermodynamic modeling of Fe
solubility under different redox conditions using Geochemist's Workbench (Figure 9).
Iron concentrations are mostly in agreement with pH and redox conditions as constrained
by the model; however. samples plotting on or near solubility boundaries may be waters
seeking equilibrium that are kinetically inhibited from precipitating due to pH conditions.
There does not appear to be a positive correlation between total As concentration and
aqueous Fe concentration (Figure 7: Figure 10). Arsenic concentrations do not
systematically decrease as Fe precipitation is favored at circumneutral to slightly alkaline
pH. Elevated As concentrations also occur when Fe-oxyhydroxide precipitation is
kinetically favorable at higher pH values. Oxidizing conditions favor Fe)' and its
associated mineral f0n11S over high concentrations of aqueous Fe2' in solution.
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The low concentrations of aqueous Fe species under a variety of pH and redox
conditions further suggest that Fe-oxyhydroxide minerals are fairly stable in solid form
making the release of As due to substrate dissolution unlikely.
Source and Mobilization ofArsenic
At low concentrations of aqueous Fe2+ in solution, the adsorption and desorption of
As anions from Fe-oxyhydroxide minerals is likely more strongly controlled by pH-
controlled changes in surface affinity of available mineral substrate rather than pH-
related kinetic limitations on Fe-oxyhydroxide precipitation. Similar mechanisms have
been demonstrated in oxidizing environments (Smedley et a!., 2005).
Work conducted by Serfes (2005) in the same geologic formations in New Jersey is
consistent with desorption processes leading to the presence of aqueous As in waters of
the Passaic Fonnation; clay minerals coated with early hematite were indicated to be the
source of the As via desorption (Serfes, 2005).
Dissolution mechanisms were predicted by Serfes (2005) in the black shales of the
Lockatong Fonnation. Although oxidizing to mildly reducing conditions present in all
the Lockatong samples (Table 1: Eh range 17 to 112 mV) may support oxidative
dissolution of pyrite. other geochemical factors measured in this study are less
supportive. For example. S04 is abundant in solution relative to Fe. Sulfate and Fe
would be expected close to 2: 1 to 1: I molar ratios in solution due to pyrite or
arsenopyrite oxidation and subsequent dissolution in the mildly reducing conditions.
especially at neutral to high pH. Actual ratios range from a minimum S04: Fe of 6: I to a
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maximum of more than 3600: 1 and median of 120: 1. It is inconclusive from this study
that pyrite dissolution is occurring under oxidizing or mildly reducing conditions.
The Passaic Formation also contains interbedded grey shales similar to the shales of
the Lockatong Formation. It is also inconclusive whether Passaic samples with mildly
reducing to mildly oxidizing conditions are attributed to oxidative dissolution of pyretic
shales, or oxidative desorption from Fe-oxyhydroxides of the redbeds.
Although not common, reducing conditions were also found with elevated
concentrations of As in this study. Samples with As concentrations dominated by arsenite
were found in both the Passaic and Lockatong formations. The low concentrations of
aqueous Fe provide greater support for reductive desorption from Fe-oxyhydroxide
minerals rather than reductive dissolution of the same.
Sulfate and Ca in solution do not correlate and therefore gypsum dissolution is also an
unlikely mechanism leading to elevated S04. The S04 probably remains behind in
solution from the primary dissolution of pyrite at a previous up-gradient location of
evolving waters or waters following a flow path over time. The S04 preferentially stays
in solution whereas the Fe is precipitated as amorphous and crystalline fom1s of Fe-
oxyhydroxides in oxidizing conditions.
CONCLllSION
Natural variations in rcdox potcntial and pH affect thc Fe and As conccntrations and
As speciation of a groundwatcr. Thc Ncwark Basin of thc Gcttysburg-Newark Lowland
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Section of the Piedmont province in Pennsylvania is dominated by oxidizing conditions.
pH conditions are generally acidic to neutral with a pH range of 4.86-7.45.
The groundwaters of the Lockatong and Passaic formations may contain elevated
concentrations of As depending on local pH and redox conditions. Arsenic is not
typically elevated in the crystalline and limestone rocks in the northern part of the study
area outside of the Mesozoic ri ft basins, and in the diabase intrusions throughout the
sedimentary strata of the Mesozoic rift basins.
Mobility of both arsenate and arsenite is correlated with pH in this study. Arsenate is
the dominant inorganic species due to the oxidizing conditions.
The low solubility of Fe in oxidizing conditions and kinetic controls on Fe
equilibrium by pH result in low concentrations of aqueous Fe at low pH and variable
concentrations of aqueous Fe at circumneutral pH. Where low concentrations of Fe are
present, the direct effects of pH and Eh appear to exhibit direct control over As
concentration and speciation. respectively.
At circumneutral pH, kinetic controls on the precipitation of Fe (Peters and Blum,
2003), forms of Fe present (Raven et al.. 1998). surface structure attributes of Fe
(Sherman and RandalL 2003: Goldberg and Johnson. 2001). and speciated fonns of As
(Dixit and I-kring. 2003) simultaneously affect As mobility in the groundwater. In this
study the surface structure affinity of Fe for As likely plays a large role in As mobility
whereas kinetic controls on the precipitation of Fe likely playa secondary role.
Oxidative desorption from Fe-oxyhydroxides is the most common and most likely
mechanism of release of As under oxidizing conditions. and is enhanced as pH increases.
Some geochemical conditions also give weak evidence for oxidative dissolution of pyrite
and reductive desorption from iron oxyhydroxides. Reductive dissolution of Fe-
oxyhydroxides is unlikely. Future research should be focused on mildly to very reducing
conditions within these same geologic formations. This can be done by comparing
spatial and temporal relations between waters derived from different units within the
Passaic Formation, and at contacts between the Passaic and Lockatong formations.
It is unlikely that an authigenic source of As is present as iron-sulfide minerals such
as arsenian pyrite or arsenopyrite in the redbeds of the Passaic Formation, but an iron-
sulfide source of As is plausible in the shales of the Lockatong Formation and
interbedded shales of the Passaic Formation but inconclusive from this study's findings.
Geographic analysis of drinking water results from the PA DEP Drinking Water and
Sampling Information System database (PA DEP, 2004) has proven to be a useful tool as
a predictive GIS coverage of elevated concentrations of As in the groundwater. The PA
DEP dataset is useful for suggesting geographic areas warranting further study. Further
research with this tool could use field-based studies to validate regions with both elevated
and low concentrations of As in the groundwater. study mineral sources of As and
geochemical controls on As mobility. and spatially define and correlate areas prone to
natural As contaminations around the state. A temporal analysis may be possible due to
the long-term nature of data collection at the same locations. While developing a
research program utilizing this tool. future researchers should be aware of the sensitive
nature of drinking water source locations when requesting this infonnation from
go\"Cmment agencies. and the presence of erroneous results due to data entry errors.
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Similar large-scale analyses have been performed by the United States Geological
Survey using data from the USGS National Water Information System (Welch et aI.,
2000). Future researchers can merge the PA DEP, USGS, and any other identified
datasets to create a large database of As sample results in Pennsylvania. Such a program
has enormous possibility to be extended to larger regions due to the large amount of
analytical drinking water results maintained by different states. Surface water results can
also be integrated into the dataset. Data verification and manipulation may pose
challenges while merging data from a variety of sources.
This study's results emphasize the need to better characterize As sources,
distribution, solubility and mobility in oxidizing groundwater environments everywhere.
Much emphasis has been placed on reducing conditions in Quaternary river delta
environments throughout the world because of the gravity of human health conditions;
however. aquifers located in older geological environments have been shown to also pose
risks to human health. With the implementation of more stringent As standards in
drinking water in the United States. there is also a need to detenl1ine and characterize the
factors affecting As mobility in groundwater environments previously considered to be
low risk.
Temporal and geological connections to other l\'1csozoic ri ft basins along the Atlantic
Coast of North America also warrant further consideration of As in these environments.
'"l'"l
REFERENCES
Ahmed, K.M., P. Bhattacharya, M.A. Hasan, S.H. Akhter, S.M.M. Alam, M.A.H.
Bhuyian, M.B. Imam, A.A. Khan and O. Sracek. 2004. Arsenic enrichment in
groundwater of the alluvial aquifers in Bangladesh: an overview. Applied Geochemistry.
19: 181-200.
Berg, M., H.e. Tran, T.e. Nguyen, H.V. Pham, R. Schertenleib and W. Giger. 2001.
Arsenic contamination of groundwater and drinking water in Vietnam: a human health
threat. Environmental Science and Technology. 35: 2621-2626.
Berg, T.M., M.K. Mcinerney, J.H. Way and D.B. MacLachlan. 1986. Stratigraphic
Correlation Chart of Pennsylvania. 2nd printing, revised. Pennsylvania Geological Survey,
4th ser.: General Geology Report 75.
Bethke, e.M. 2000. The Geochemist's Workbench. University of Illinois.
Bostick, B.e. and S. Fendorf. 2003. Arsenic sorption on troilite (FeS) and pyrite (FeS2).
Geochimica et Cosmochimica Acta. 67: 909-921.
Cullen. W.R. and KJ. Reimer. 1989. Arsenic speciation in the environment. Chemical
Reviews. 89: 713-764.
Chowdhury. U.K., B.K. Biswas, T.R. Chowdhury, G. Samanta, B.K. Mandai, G.e. Basu,
e.R. Chanda, D. Lodh, K.e. Saha, S.K. Mukherjee, S. Roy, S. Kabir, Q. Quamruzzaman
and D. Chakraborti. 2000. Groundwater arsenic contamination in Bangladesh and West
Bengal, India. Environmental Health Perspectives. 108: 393-397.
Dixit. S. and J.G. Hering. 2003. Comparison of arsenic(V) and arsenic(III) sorption onto
iron oxide minerals: implications for arsenic mobility. Environmental Science and
Technology. 37: 4182-4189.
EPA. 2001. Drinking Water Standard for Arsenic (EPA 815-F-00-015). Office of
Groundwater and Drinking Water.
Froelich. A.J. and D. Gottfried. 1999. Early Mesozoic-igneous and contact metamorphic
rocks. The Geology of Pennsylvania Special Publication I. Shultz. e. H.. cd.
Pennsyh'ania Geological Sur\'ey [and] Pittsburgh Geological Society. Harrisburg -
Pittsburgh. PA. p. 202-209.
Garcia-Sanchez. A.. A. Moyano and P. l\layorga. 2005. High arsenic contents in
ground\\"ater of central Spain. Enyironmental Geology. 47: 847-854 .
.,~
--'
Goldberg, S. and C. T. Johnston. 2001. Mechanisms of arsenic adsorption on amorphous
oxides evaluated using macroscopic measurements, vibrational spectroscopy, and surface
complexation modeling. Journal of Colloid and Interface Science. 234: 204-206.
Haque, S.E. and K.H. Johannesson. 2006. Concentrations and speciation of arsenic along
a groundwater flow-path in the Upper Floridian aquifer, Florida, USA. Environmental
Geology. 50: 219-228.
Klaue, B. and lD. Blum. 1999. Trace analyses of arsenic in drinking water by
inductively coupled plasma mass spectrometry: high resolution versus hydride
generation. Analytical Chemistry. 71: 1408-1414.
Langmuir, D. 1997. Aqueous Environmental Geochemistry. New Jersey: Prentice-Hall.
Lipfert, G., A.S. Reeve, W.e. Sidle and R. Marvinney. 2006. Geochemical patterns of
arsenic-enriched ground water in fractured, crystalline bedrock, Northport, Maine, USA.
Applied Geochemistry. 21: 528-545.
Low, OJ., OJ. Hippe and O. Yannacci. 2000. Geohydrology of Southeastern
Pennsylvania. U.S. Department of the Interior. U.S. Geological Survey: Water-Resources
Investigations Report 00-4166. p. 200-255.
Lyttle, P.T. and lB. Epstein. 1987. Geologic map of the Newark 1° x 2° quadrangle,
New Jersey, Pennsylvania, and New York. U.S. Geological Survey: Miscellaneous
Investigations Series Map 1-1715, scale 1:250,000. 2 sheets.
Manning, B.A., S.E. Fendorf and S. Goldberg. 1998. Surface structures and stability of
arsenic(III) on goethite: spectroscopic evidence for inner-sphere complexes.
Environmental Science and Technology. 32: 2383-2388.
Miles. e.E. and T.G. Whitfield. 2001. Bedrock Geology of Pennsylvania. Pennsylvania
Geologic Survey. 4th Ser.. compiled dataset. scale 1:250.000.
Morales. K.H .. L. Ryan. T. Kuo. iv1. Wu and C. Chen. 2000. Risk of internal cancers from
arsenic in drinking water. Environmental Health Perspectives. 108: 655-661.
Nickson. R.T.. J.M. t-.teArthur. P. Ravenscroft. \V.G. Burgess and K.M. Ahmed. 2000.
Mechanism of arsenic release to groundwater. Bangladesh and West Bengal. Applied
Geochemistry. 15: 403-413.
O·Oay. P.:\ .. O. Vlassopoulos. R. Root and N. Rivera. 2004. The intluence of sulfur and
iron on dissolved arsenic concentrations in the shallow subsurface under changing redox
conditions. Proceedings of the National Academy of Sciences. 101: 13703-13 70S.
24
PA DEP. 2004. Drinking Water and Sampling Information System Data (1994-2004).
Pennsylvania Department of Environmental Protection. Harrisburg, PA.
Peters, S.c. and J.D. Blum. 2003. The source and transport of arsenic in a bedrock
aquifer, New Hampshire, USA. Applied Geochemistry. 18: 1773-1787.
Pichler, T., l Veizer and G.E.M. Hall. 1999. Natural input of arsenic into a coral-reef
ecosystem by hydrothermal fluids and its removal by Fe(III) oxyhydroxides.
Environmental Science and Technology. 33: 1373-1378.
Raven, K.P., A. Jain and R.H. Loeppert. 1998. Arsenite and arsenate adsorption on
ferrihydrite: kinetics, equilibrium, and adsorption envelopes. Environmental Science and
Technology. 32: 344-349.
Savage, K.S., T.N. Tingle, P.A. O'Day, G.A. Waychunas and O.K. Bird. 2000. Arsenic
speciation in pyrite and secondary weathering phases, Mother Lode Gold District,
Tuolumne County, California. Applied Geochemistry. 15: 1219-1244.
Schreiber, M.E., lA. Simo and P.G. Freiberg. 2000. Stratigraphic and geochemical
controls on naturally occurring arsenic in groundwater, eastern Wisconsin, USA.
Hydrogeology Journal. 8: 161-176.
Serfes, M.E. 2005. Arsenic occurrence. sources, mobilization, transport and
prediction in the major bedrock aquifers of the Newark Basin: Ph.D. Dissertation.
Rutgers University. New Brunswick. NJ. 122 pp.
Shernlan, D.M. and S.R. Randall. 2003. Sur:ace complexation of arsenic(V) to iron(IIl)
(hydr)oxides: structural mechanism from ab initio molecular geometries and EXAFS
spectroscopy. Geochimica et Cosmochimica Acta. 67: 4223-4230.
Sloto. R.A. and c.L. Schreffler. 1994. Hydrogeology and ground-water quality of
northern Bucks County. Pennsylvania. U.S. Department of the Interior. U.S. Geological
Survey: Water-Resources Investigations Report 94-4109.
Smedley. P.L. and D.G. Kinniburgh. 2002. A review of the source. behaviour and
distribution of arsenic in natural waters. Applied Geochemistry. 17: 517-568.
Smedley. P.L.. D.G. Kinniburgh. D.i\1.J. Macdonald. H.B. Nicolli. A.1. Barros. lO.
Tullio. J.M. Pearce and M.S. Alonso. 2005. Arsenic associations in sediments from thc
locss aqui fer of La Pampa. Argcntina. Appl icd Gcochcmistry. 20: 989-1016.
Smith. R.C. A.W. Rosc and R.7\1. Lanning. 1975. Geology and gcochcmistry of Triassic
diabase in Pcnnsylvania. Gcological Society of Amcrica Bullctin. 86: 943-955.
25
Smith, A.H., E.O. Lingas and M. Rahman. 2000. Contamination of drinking-water by
arsenic in Bangladesh: a public health emergency. Bulletin of the World Health
Organization. 78: 1093-1103.
Thornburg, K. and N. Sahai. 2004. Arsenic occurrence, mobility, and retardation in
sandstone and dolomite formations of the Fox River Valley, eastern Wisconsin.
Environmental Science and Technology. 38: 5087-5094.
USGS. 2001. National Water Information System: Arsenic Data (1973-2001). United
States Geological Survey. Reston, VA.
Utsunomiya, S., S.c. Peters, J.D. Blum and R.C. Ewing. 2003. Nanoscale mineralogy of
arsenic in a region of New Hampshire with elevated As-concentrations in the
groundwater. American Mineralogist. 88: 1844-1852.
Welch, A.H., D.B Westjohn, D.R. Helsel and R.B. Wanty. 2000. Arsenic in ground water
of the United States: occurrence and geochemistry. Ground Water. 38: 589-604.
Welch, A.H. and M.S. Lico. 1998. Factors controlling As and U in shallow ground water,
southern Carson Desert, Nevada. Applied Geochemistry. 13: 521-539.
Wilkie, J.A. and J. G. Hering. 1996. Adsorption of arsenic onto hydrous ferric oxide:
effects of adsorbate/adsorbent ratios and co-occurring solutes. Colloids and Surfaces A:
Physicochemical and Engineering Aspects. 107: 97-110.
TABLES
Sample Date Temp pH Eh FI CI NO) S04
(OC) (mY) (Ilmo l/L) (Ilmol/L) (Ilmol/L) (Ilmol/L)
001-003 72005 12.6 5.87 456.8 6.7304 78 55 262
004-006 72005 12.1 7.45 298.4 6,3030 304 35 44
007-009 72505 12,3 5.12 321 4.9936 702 190 219
010-012 72505 13.0 4.86 292 5.4825 580 111 116
013-015 72505 13.1 5.26 261 ND 2388 159 310
016-018 72805 13.0 4.92 257 5.5517 113 44 150
019-021 72805 14.7 5.26 234 6.9311 460 777 132
022-024 72805 14,3 6.86 109 5.7974 1772 203 279
025-027 72805 13.0 7.19 122 8.1177 213 195 50
028-030 80205 13.9 5.50 333 7.7697 178 170 349
031-033 80205 15.4 5.58 176 0.0000 647 210 342
034-036 80205 13.7 6.03 22 18.7332 340 9 608
037-039 80205 14.1 6.82 133 6.7137 248 344 281
040-042 80205 14.1 5.60 148 ND 1953 173 270
043-045 80205 13.1 5.26 172 ND 1294 408 331
046-048 92605 15.8 6.92 103 NO 239 9 5421
049-051 92605 13.5 7.01 124 6.7750 526 226 272
052-054 92605 13.1 7.17 132 6.5121 277 145 235
055-057 92605 14.1 7.11 141 6.7401 525 316 278
058-060 92605 16.6 7.16 136 7.0277 2942 III 163
061-063 92905 5,3252 367 298 161
064-066 92905 8.2931 108 58 296
067-069 92905 6,3 733 142 87 163
070-072 92905 11.3217 333 76 257
073-075 92905 5.7879 322 101 357
076-078 92905 5,3 780 266 48 577
079-081 100305 14.2 6.85 360 6.1457 121 9 658
082-084 100305 13.5 6.74 169 6.8983 1432 190 259
085-087 100305 14.6 6.98 7.5777 1346 131 360
088-090 100305 14.0 7.02 ND 1799 200 72
091-093 104005 14,3 7.20 -232 14.2673 79 9 358
094-096 100405 14.3 7.20 105 9.4115 347 55 540
097-099 100405 13.9 7.29 155 7.4640 331 169 307
100-102 100405 14.0 7.22 105 5.3687 1342 246 122
103-105 100405 16.0 7.23 119 7.2108 343 151 417
106-108 100405 14.1 7.04 111 5.9018 600 262 201
109-111 101305 13.4 5.76 23 17.1575 8864 38 692
112-114 101305 14.2 6.56 83 7.4029 1261 235 248
115-117 101305 14.2 6.63 98 6.2168 200 97 1514
118-120 101305 14.0 6.71 100 10.1710 200 101 279
121-123 101305 13.9 6.42 87 6.1279 1176 508 348
124-126 101305 18.6 5.23 157 5.6235 273 74 245
127-129 101805 13.5 6.74 17 10.4236 132 9 410
130-132 101805 16.1 6.50 83 15.1908 824 9 263
133-135 101805 13.9 6.48 80 4.4702 10749 113 553
136-138 101805 13.1 7.40 76 104.2565 162 15 148
139-141 101805 17.0 5.55 182 4.9065 1459 203 250
142-144 101805 15.0 6.42 141 7.2805 203 13 496
145-147 101805 12.9 5.35 157 5.5692 1234 315 200
148-150 101805 13.4 6.72 50 7.4349 339 58 165
151-153 101805 12.7 6.71 107 S.Si55 238 120 255
154-156 101805 12.7 6.78 112 7.7486 331 111 197
157-159 101805 12.{) 509 1-' 11.4534 .,." 414 221/.' ....... _,
Table 1.
Sample Bedrock As AsSD As As SO As(III) As(Y)
Geology (~gfL) (ugfL) (~moIlL) (~moIlL) % %
001-003 IHornblende gneiss 1.27 0.02 0.0169 -O"RlOJ -3]~ -90.-2
004-006 Felsic to mafic gneiss 0.54 0.01 0.0072 0.0001 0.4 99.6
007-009 Felsic to mafic gneiss 0.01 0.00 0.0002 0.0001 16.5 83.5
010-012 Felsic to mafic gneiss 0.01 0.01 0.0002 0.0001 0.0 100.0
013-015 Felsic to mafic gneiss 0.01 0.01 0.0002 0.0001 14.0 86.0
016-018 Hornblende gneiss 0.11 0.00 0.0014 0.0001 0.0 100.0
019-021 Hornblende gneiss 0.07 0.00 0.0009 0.0000 0.0 100.0
022-024 Leithsville Fonnation 0.03 0.01 0.0004 0.0001 3J 96.7
025-027 Leithsville Fonnation 0.09 0.01 0.0012 0.0001 4.8 95.2
028-030 Diabase 0.19 0.01 0.0025 0.0001 5.9 94.1
031-033 Diabase 0.07 0.00 0.0009 0.0001 35.2 64.8
034-036 Passaic Fonnation 2.07 0.01 0.0277 0.0002 70.8 29.2
037-039 Passaic Fonnation 10.12 0.10 0.1351 0.0013 0.5 99.5
040-042 Diabase 0.13 0.01 0.0018 0.0001 15.1 84.9
043-045 Passaic Fonnation 0.02 0.00 0.0003 0.0001 17.2 82.8
046-048 Passaic FonnatLOn 39.32 OJ7 0.5248 0.0050 28.0 72.0
049-051 Passaic Fonnation 8J3 0.13 0.1111 0.0018 2.9 97.1
052-054 Passaic Fonnation 4.75 0.05 0.0634 0.0007 2.2 97.8
055-057 Passaic Fonnation 1.57 0.03 0.0209 0.0003 5.4 94.6
058-060 Passaic Fonnation 5.37 0.03 0.0717 0.0005 12.6 87.4
061-063 Passaic FonnatLOn 2.87 0.05 0.0383 0.0006 11.5 88.5
064-066 Passaic Fonnation 18.50 OJ2 0.2469 0.0042 15.2 84.8
067-069 Passaic Fonnation 12.38 0.15 0.1652 0.0021 8.9 91.1
070-072 Passaic Fonnation 8.57 0.05 0.1144 0.0006 12.2 87.8
073-075 Passaic Fonnation 4.61 0.04 0.0615 0.0005 12.2 87.8
076-078 PassaIc FonnatLOn 4.80 0.16 0.0641 0.0022 16.3 83.7
079-081 Passaic Fornlation 22.92 OJ2 OJ059 0.0042 21.1 78.9
082-084 Passaic Fonnat ion 1.07 0.01 0.0142 0.0001 16.8 83.2
085-087 Passaic Fornlation 5.09 0.08 0.0680 0.0011 27.2 72.8
088·090 Passaic Fornlation 5.10 0.04 0.0681 0.0005 15.7 84.3
091-093 Passaic Fornlatlon 46.14 0.48 0.6158 0.0064 91.2 8.8
094·096 Passaic Fornlation 19.89 0.19 0.2655 0.0026 17.4 82.6
097-099 Passaic Fornlation IIJ5 0.09 0.1515 0.0013 18.8 81.2
100·102 Passaic Fornlation 7.28 0.08 0.0972 0.0011 19.9 80.1
103- 105 Passaic Fonnation 7.89 0.10 0.1054 0.0014 16.9 83.1
106- 108 PassaIc FOrnlatlOn 2.29 0.02 0.0306 0.0003 8J 91.7
109-111 Passaic Fornlation 0.50 0.01 0.0066 0.0001 70.8 29.2
112-114 Passaic Fornlation 2.96 0.06 0.0395 0.0008 17.1 82.9
115-117 Passaic Fonnation 13.81 0.10 0.1843 0.0014 10.9 89.1
118-120 Passaic Fonnation 6.40 0.12 0.0854 0.0016 12.8 87.2
121-123 LClthsvLlle FormatIOn 0.17 0.01 0.0023 0.0001 54.8 45.2
124-126 Hornblcnde gneiss 0.05 0.00 0.0007 0.0000 50.4 49.6
127-129 Lockatong Fornlation 39.42 0.38 0.5262 0.0051 83.5 16.5
130-132 Lockatong Formation 64.86 1.0 I 0.8657 0.0135 8.4 91.6
133-135 Lockatong Fornlation 0.58 0.01 0.0077 0.0001 49.8 50.2
136-138 Diabase 2.18 0.02 0.0292 0.0003 21.7 78.3
139-141 Diabase 0.27 0.00 0.0036 0.0000 16.0 84.0
142-144 Diabase 11.83 0.11 0.1579 0.0015 21.0 79.0
145-147 Diabase 0.06 0.01 0.0007 0.0001 26.4 73.6
148-150 Trenton Gravcl 0.70 0.01 0.0093 0.0001 29.8 70.2
151-153 Lockatong Fon113tl0n 7.19 0.05 0.0960 0.0007 16.9 83.1
154-156 Lockatong Forn13tion 5.33 0.07 0.0711 0.0010 16.2 838
157-159 Hornblendc gneiss 0.06 0.01 00008 0.0001 237 76.3
Table 1. (continued)
Sample B BSO Na NaSO Mg MgSO Si Si SO
(llmol/L) (llmol/L) (llmol/L) (llmol/L) (llmol/L) (llmol/L) (llmol/L) (llmol/L)
001-003 0.425 0.020 1751 28 NO 0 451 5
004-006 3.119 0.085 119 3 723 16 778 6
007-009 0.222 0.009 383 5 265 2 405 2
010-012 15.595 0.615 399 12 148 2 390 5
013-015 1.272 0.025 1483 31 590 12 520 6
016-018 0.334 0.013 167 1 133 2 364 4
019-021 3.645 0.091 620 13 304 9 468 6
022-024 0.787 0.024 1497 38 1342 15 340 3
025-027 0.243 0.011 233 I 734 10 306 4
028-030 2.260 0.055 432 4 444 10 837 8
031-033 5.625 0.144 281 6 517 3 794 13
034-036 2.432 0.059 549 11 519 7 933 9
037-039 0.917 0.034 503 6 841 12 422 6
040-042 4.163 0.115 759 10 715 10 727 8
043-045 1.780 0.042 490 9 739 4 597 6
046-048 89.705 1.481 1233 11 997 8 451 4
049-051 10.841 0.166 532 7 867 9 391 3
052-054 5.608 0.118 430 6 674 8 328 4
055-057 2.219 0.038 492 6 895 11 324 2
058-060 10.684 0.332 956 15 1726 30 406 3
061-063 3.460 0.059 461 5 956 14 395 4
064-066 11.784 0.399 510 8 733 6 344 5
067-069 2.028 0.017 354 7 729 12 391 7
070-072 38.886 1.619 431 6 595 13 438 3
073-075 3.036 0.099 377 7 732 11 313 2
076-078 4.609 0.141 355 6 799 10 328 2
079-081 9.223 0.140 4091 5 NO 0 370 6
082-084 2.477 0.054 734 12 1296 13 350 5
085-087 2.241 0.028 602 3 1137 7 278 2
088-090 2.905 0.037 541 7 1268 20 457 7
091-093 69.291 2.075 1246 18 387 5 463 3
094-096 29.701 0.416 619 7 851 10 432 4
097-099 3.055 0.065 425 5 757 8 375 2
100-102 4.607 0.105 499 10 1160 25 413 5
103-105 16.085 0.205 533 8 843 9 362 2
106-108 3.158 0.059 367 4 801 9 335 4
109-111 1.962 0.057 3951 25 2648 57 671 8
112-114 4.205 0.077 857 9 1059 17 317 4
115-117 23.578 0.276 599 5 994 14 388 6
118-120 19.332 0.681 682 11 841 II 399 2
121-123 1.995 0.047 807 8 1543 25 147 2
124-126 0.748 0.025 157 I 157 2 261 3
127-129 22.024 0.318 986 10 480 5 495 5
130-132 2.192 0.057 512 7 360 4 360 3
133-135 50.153 0.840 1266 23 2260 37 521 5
136-138 260.105 2.867 786 6 94 I 594 5
139-141 4.729 0.470 482 9 738 10 623 9
142-144 25.61.:' 0.559 340 3 1030 17 663 6
145-147 4.240 0.058 262 2 704 7 622 5
148-150 3.392 0.086 328 6 682 11 152 1
151-153 10.240 0.242 483 5 805 8 329 3
154-156 5.032 0.163 376 10 615 9 291 4
157-159 0.864 0.025 241 3 265 .., 411 5
-
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Table 1. (continued)
Sample K KSO Ca CaSO Mn MnSO Fe Fe SO
(Ilmol/L) (Ilmol/L) (Ilmol/L) (Ilmol/L) (Ilmol/L) (Ilmol/L) (IlmoI/L) (Ilmol/L)
UUI-UUJ U.97 U.U3 NO U.U4 NO 0.000 NO 0.045
004-006 28.95 0.24 658 9.02 NO 0.000 0.453 0.038
007-009 52.53 0.56 316 2.13 NO 0.001 0.059 0.024
010-012 37.52 0.57 186 2.86 NO 0.001 0.027 0.034
013-015 84.38 1.80 703 7.67 0.383 0.006 0.096 0.044
016-018 28.39 0.38 183 1.61 NO 0.001 0.064 0.024
019-021 45.76 0.91 337 6.77 NO 0.000 NO 0.034
022-024 39.57 0.56 1424 16.23 NO 0.000 0.503 0.117
025-027 64.38 1.23 702 7.29 NO 0.000 0.588 0.Q28
028-030 18.33 0.26 568 3.59 NO 0.000 NO 0.022
031-033 19.48 0.29 800 9.82 NO 0.001 0.103 0.034
034-036 68.62 1.01 608 8.02 16.613 0.103 5.407 0.099
037-039 26.11 0.39 1151 20.83 NO 0.001 0.028 0.024
040-042 43.63 0.59 930 13.08 NO 0.001 0.443 0.031
043-045 15.56 0.26 732 9.06 NO 0.000 NO 0.020
046-048 28.75 0.82 5070 94.29 2.121 0.015 1.478 0.104
049-051 21.51 0.39 1066 17.48 NO 0.000 0.158 0.035
052-054 18.21 0.24 897 11.60 NO 0.000 0.195 0.030
055-057 25.09 0.22 1110 11.35 NO 0.000 0.215 0.024
058-060 64.45 0.91 2070 27.72 NO 0.000 0.331 0.092
061-063 23.17 0.41 1133 15.20 NO 0.000 0.229 0.027
064-066 19.44 0.26 973 16.12 NO 0.000 0.154 0.012
067-069 20.63 0.23 838 10.73 NO 0.000 0.156 0.024
070-072 28.16 0.33 1011 13.10 NO 0.000 0.094 0.016
073-075 16.93 0.10 909 13.16 NO 0.000 0.094 0.031
076-078 15.78 0.22 908 11.61 NO 0.000 0.035 0.048
079-081 3.47 0.11 NO 0.10 NO 0.000 NO 0.031
082-084 30.44 0.56 1708 29.02 NO 0.000 0.254 0.035
085-087 26.06 0.29 1413 23.26 NO 0.000 0.359 0.024
088-090 28.52 0.54 1362 23.23 NO 0.000 0.248 0.015
091-093 23.74 0.21 1023 10.43 0.646 0.008 1.649 0.089
094-096 21.65 0.17 987 10.11 NO 0.000 0.045 0.020
097-099 20.86 0.22 920 3.97 NO 0.001 0.087 0.050
100-102 29.44 0.51 1134 22.51 NO 0.000 0.113 0.039
103-105 20.76 0.19 1005 6.02 NO 0.000 NO 0.013
106-108 19.45 0.47 934 12.41 NO 0.000 0.098 0.039
109-111 100.08 2.90 1351 29.44 0.819 0.008 10.487 0.119
112-114 23.62 0.33 1504 15.45 NO 0.000 0.236 0.017
115-117 22.99 0.53 1343 20.75 NO 0.000 0.040 0.047
118-120 38.72 0.79 1113 15.92 NO 0.000 0.161 0.019
121-123 79.29 1.70 1572 34.51 NO 0.000 0.282 0.029
124-126 54.81 0.78 832 12.84 0.097 0.002 0.125 0.021
127-129 9.02 0.12 1293 25.20 0.531 0.009 4.167 0.082
130-132 50.28 0.99 1421 24.57 1.580 0.017 0.131 0.030
133-135 88.93 0.87 3892 51.37 NO 0.000 3.726 0.108
136-138 3.12 0.04 470 6.26 NO 0.000 NO 0.019
139-141 37.78 0.57 659 5.69 NO 0.001 NO 0.023
142-144 46.83 0.70 947 8.39 NO 0.000 NO 0.035
145-147 9.28 0.24 506 6.88 NO 0.000 NO 0.023
148-150 31.08 0.45 956 11.47 NO 0.000 0.403 0.040
151-153 33.38 0.25 987 6.14 NO 0.000 NO 0.022
154-156 29.82 0.63 856 12.14 NO 0.000 NO 0.028
157-159 33.53 0.40 362 1.90 NO 0.000 NO 0036
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Sample Cu Cu SO Zn Zn SO Sr Sr SO Ba BaSO
(~moI!L) (~moI!L) (~moI!L) (~mol/L) (~mol/L) (~moI!L) (~mol/L) (~mol/L)
001-003 O.UlSL U.UUL NO U.UUI NO U.UUU NO U.UUU
004-006 0.079 0.001 1.426 0.018 0.659 0.011 0.346 0.005
007-009 0.790 0.010 0.448 0.008 1.032 0.009 0.348 0.004
010-012 1.668 0.016 0.469 0.005 0.764 0.011 0.446 0.003
013-015 1.736 0.015 0.313 0.004 1.449 0.017 0.235 0.004
016-018 1.896 0.022 0.335 0.008 0.281 0.005 0.G28 0.001
019-021 2.014 0.016 0.294 0.005 1.375 0.017 0.111 0.003
022-024 0.021 0.002 0.040 0.001 1.174 0.016 0.537 0.007
025-027 0.071 0.001 0.034 0.001 0.184 0.003 0.218 0.004
028-030 1.377 0.010 0.265 0.004 0.801 0.007 0.004 0.000
031-033 0.284 0.006 0.121 0.004 1.201 0.007 NO 0.000
034-036 0.020 0.001 NO 0.001 1.214 0.Ql8 0.253 0.003
037-039 0.265 0.004 0.022 0.002 4.356 0.091 0.429 0.007
040-042 0.542 0.008 0.756 0.010 1.307 0.020 NO 0.000
043-045 0.295 0.004 0.382 0.005 1.021 0.011 NO 0.000
046-048 NO 0.000 NO 0.001 84.901 \.549 0.184 0.005
049-051 0.059 0.002 0.003 0.002 10.361 0.120 1.290 0.020
052-054 0.063 0.002 0.026 0.002 5.098 0.049 1.199 0.014
055-057 0.095 0.001 0.058 0.002 4.480 0.059 0.698 0.012
058-060 0.107 0.002 3.134 0.040 21.867 0.322 4.336 0.068
061-063 0.090 0.001 NO 0.002 15.875 0.163 5.178 0.080
064-066 0.093 0.001 0.005 0.001 46.405 0.654 0.214 0.003
067-069 0.183 0.004 0.073 0.004 6.616 0.072 3.260 0.036
070-072 0.020 0.00\ NO 0.002 10.194 0.082 0.599 0.007
073-075 0.134 0.002 0.013 0.001 3.450 0.028 0.641 0.006
076-078 0.070 0.002 NO 0.00\ 4.047 0.045 0.828 0.010
079-081 NO 0.001 NO 0.001 NO 0.000 NO 0.000
082-084 0.051 0.002 0.017 0.002 6.145 0.084 0.715 0.012
085·087 0.076 0.002 0.425 0.006 9.912 0.161 0.359 0.007
088-090 0.025 0.002 0.082 0.002 5.632 0.069 8.884 0.134
091·093 NO 0.000 0.000 0.001 93.540 1.284 0.392 0.005
094-096 0.148 0.004 0.574 0.006 32.504 0.308 0.970 0.010
097-099 1.277 0.010 0.053 0.002 4.812 0.049 0.793 0.01\
100-102 0.020 0.001 0.020 0.003 9.313 0.127 5.762 0.060
103-105 0.181 0.002 NO 0.002 12.257 0.149 1.379 0.024
106-108 0.306 0.004 0.162 0.002 1.666 0.013 3.320 0.054
\09-111 0.065 0.000 1.646 0.020 6.431 0.101 0.033 0.001
112-114 0.237 0.004 0.104 0.003 5.567 0.064 1.911 0.029
115-117 0.331 0.005 0.086 0.002 19.916 0.279 0.232 0.006
118-120 0.291 0.004 0.046 0.002 25.542 0.283 0.713 0.010
121-123 0.016 0.001 0.094 0.002 0.412 0.005 0.089 0.002
124-126 3.586 0.037 3.959 0.050 1.392 0.010 0.558 0.007
127-129 0.012 0.001 0.835 0.007 41.908 0.656 0.884 0.014
130-132 0.018 0.001 0.050 0.003 3.668 0.048 0.142 0.002
133-135 0.006 0.001 1.858 0.023 5.221 0.064 NO 0.001
136-138 0.068 0.001 0.000 0.001 0.473 0.006 NO 0.000
139-141 1.714 0.018 1,382 0.023 0.652 0.008 NO 0.001
142-144 OJ05 0.005 0.113 0.003 1.195 0.012 NO 0.000
145-147 0.465 0.008 0.000 0.002 0.503 0.006 NO 0.000
148-150 0.463 0.006 0,387 0.009 1.161 0.020 1.001 0.018
151-153 NO 0.001 NO 0.001 13.091 0.131 1.789 0.D28
154-156 0.10S 0.002 NO 0.001 7.921 0.119 1.779 0.028
157-159 1.588 0.011 0.075 0.002 0.749 0.008 0.013 0.000
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Formation # of As # of As samples Mean As Median As Max As Min As
samples > 10 Ilg/L Cllg/L) CllglL) Cllg/L) CllglL)
Entire study 53 12 7.76 2.87 64.86 0.01
Passaic 27 9 10.12 6.40 46.14 0.02
Lockatong 6 2 20.04 6.26 64.86 0.58
Diabase 7 I 2.10 0.19 11.83 0.06
Precambrian / 12 0 0.20 0.07 1.27 0.01Cambrian*
Other** 0 0.70 0.70 0.70 0.70
Results greater than 10 IlgiL are considered elevated according to federal and Pennsylvania state
drinking water standards.
* = Precambrian and Cambrian lithologic units: combined results of felsic to mafic gneiss,
Hornblende gneiss, and Leithsville Formation
** Other = Trenton Gravel
Table 2.
Formation # of As # of As samples Mean As Median As Max As Min As
samples > 10 IlgiL (Ilg/L) (Ilg/L) (Ilg/L) (Ilg/L)
All PA DEP* 2310 630 9 2 83 NO
Passaic 1538 577 13 5 83 NO
Lockatong 283 42 4 NO 64 NO
Diabase 142 7 2 NO 42 NO
Precambrian I 347*** 4 <I NO 24 NOCambrian**
Results greater than 10 IlgiL are considered elevated according to federal and Pennsylvania state
drinking water standards.
*Represents data from PA DEP Drinking Water and Sampling Information System
database (PA DEP, 2004) from the same formations as this study. PA DEP data may
represent parts of some formations that are outside of this study's extent
** = Precambrian and Cambrian lithologic units: combined results of felsic to mafic gneiss,
Hornblende gneiss, and Leithsville Formation
***one sample result not included due to a data entry decimal point placement error
ND = Nondetect
Table 3.
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Figure 1. All Geologic Formations in
Pennsylvania Graded According to
Average Arsenic Concentration
(PA DEP, 2004).
18, 277 results for total arsenic concentration
in Pennsylvania drinking water samples from
groundwater sources collected from 1994-2004
(PA 0 EP. 2004) have been summarized
according to average arsenic concentration
within each geologic formation in
Pennsylvania. All geologic fonl1ations
have been color-graded according to four
ranges of average arsenic concentration.
The chosen field study area is indicated on
the map and is also shown in Figure 2.
Bedrock geology used in the summary is
from i\ tiles and Whitfield (200 I).
Total Arsenic Concentrations in Groundwater Samples
• 0 - 1 IJglL (ppb)
• 1 - 10 IJglL (ppb)
.10 - 65 IJg/L (ppb)
Bedrock Geology
Triassic Red Mudstone (Passaic Formation)
_=. Triassic Argillite and Black Shale (Lockatong Formation)
.' Triassic Diabase
. Cambrian and Precambrian Quartzite and Gneiss
::c Cambrian and Ordovician Limestone and Dolomite
,'" Triassic Limestone or Quartz Fanglomerate
Quaternary Gravel
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Figure 2. Field Study Site Location Map.
Groundwater sample locations are plotted on the bedrock geology from Miles and
Whitfield (2001). All groundwater samples were filtered to 0.45 micron.
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Figure 3. Plot of total As concentration \'s. pH in groundwater samples.
Open circles contain less than 20% arsenate (As (V)). Open squares contain between 20
and 80% As (V). Solid triangles contain more than 80% As (V).
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Figure 4. Plot of total As concentration \'s. Eh in groundwater samples.
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Figure 5. Eh-pH diagram of the Fe-As-SO.j-HzO system.
Stability fields modeled using Geochemist's Workbench (Bethke. 2000). As
concentration fixed at 10 ppb = 0.13 ~mo1lL for modeling purposes. Fe concentration
fixed at 10 ppb = 0.18~mo1lL. SO-1 concentration fixed at 30 ppm = 312 ~mol/L.
Temperature fixed at 13°C. This study's data are plotted by measured Eh and pH. The
box around the data represents the data range shown in Figure 6.
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Figure 6. Eh-pH diagram of the Fe-As-SO.$-H20 system plotted for dominant As
species, Eh range -0.5 to 0.5 and pH range 4 to 8.
Stability fields modeled using Geochemist's Workbench (Bethke. 2000). As
concentration fixed at 10 ppb := 0.13 IlmollL for modeling purposes. Fe concentration
fixed at 10 ppb := 0.18~1I1101/L. SO.$ concentration fixed at 30 ppm := 312 IlmoliL.
Temperature fixed at 13°C. This study's data are plotted by measured Eh and pH
according to different percentages of arsenate (As(V)) present. Open circles contain less
than 20~'O As (V). Open squares contain between 20 and 80% As (V). Solid triangles
contain more than 80% As (V). n=45
39
o As < 1 ppb 010
o As 1-10 ppb
8
• As 10-20 ppb
-
• As> 20 ppb
...J
-0 6
E
:::L
-Q) 4 -
u.
2
0
4 5 6 7 8
pH
Figure 7. Plot of aqueous Fe concentration \'s. pH in groundwater samples.
Precipitation of Fe is kinetically controlled by pH. Open circles contain total As < 1 ppb
(~g/L). Open squares contain total As 1-10 ppb (~g/L). Solid Squares contain total As
10-20 ppb (~g/L). Solid triangles contain total As> 20 ppb (~g/L).
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Figure 8. Plot of aqueous Fe concentration \'s. Eh in groundwater samples.
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Figure 9. Activit)· diagram of Fe activit)· under variable pH conditions.
Stability fields are based on thermodynamic calculations of Fe solubility from Bethke
(2000). Stability fields were calculated for Eh = 0 mV. Eh = 100 mV and Eh = 200 mV.
S04 concentration fixed at 30 ppm = 312 Ilmol!L. Temperature fixed at 13°C. This
study's data are plotted by measured Fe activity and pH according to different measured
Eh ranges. Eh ranges are represented by different markers. Closed squares represent Eh
< 0 mV. Closed circles represent Eh 0-100 mV. Open squares represent Eh 100 - 200
mV. Open circles represent Eh > 200 mV. Goethite. hematite. magnetite. and
malanterite were suppressed during modeling. n = 32
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Figure 10. Plot of total As concentration vs. Fe in groundwater samples.
See inset in top right corner for enlargement of total As (flmoIlL) vs. Fe (flmoIlL) at low
concentrations of each.
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Appendix Figure 1: Distribution of total arsenic concentrations in drinking water
samples from the PA DEP Drinking Water and Sampling Information System
datnbase (PA DEP. 200~). Samples represent all drinking water samples for As
collected for regulatory purposes hy regulated puhlic water systems from 1994-2004.
Multiple samples collected at individual sites plot on top of each other. n= 18.277
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Appendix Figure 2: Plot of Total As vs. N03. Inverse relationship.
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Appendix Figure 3: Plot of Total As "s. CI. In\"cr~c rcl3ti()n~hip.
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Appendix Figure 4: Plot of Total As \'s. F. Relationship unlikely.
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Appendix Figure 5: Plot of Total As Ys. SO~. Relationship unlikely.
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Appendix Figure 6: Plot of Total As vs. Mg. Relationship unlikely.
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Appendix Figure 7: Plot of Total As ,"s. Ca. Relationship unlikely.
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Appendix Figure 8: Plot of Total As vs. Na. Relationship unlikely.
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Appendix Figure 9: Plot of Total As ,"s. K. Relationship unlikely.
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Appendix Figure 10: Plot of Total As vs. Mn. Relationship unlikely.
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Appendix Figure 11: Plot of Ca "s. SO.$. Lack of I: I molar agreemcnt bctwcen Ca and
SOJ suggcst gypsum (CaSOJ) dissolution is unlikely.
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Appendix Figure 12: Plot of S04 vs. Fe. Molar quantities of SO~ and Fe do not suggest
pyrite or arsenopyrite oxidation as major release mechanisms.
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